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ABSTRACT

Hypochlords solutions are thought to be afficacious when usad 1o topically decontaminate
intact skin. However, fuw studias have exarmined tha efficacy of decontamination of chemcally
contarmunated wounds. Therefors, we compared the decontamination etfcacy of sodium
hypochionte (0 $% and 2 5% solutions), calcrum hvoochiorte (0 5% and 2 5% satutions) and
stenie water 10 untreated controis 1n wounds exposad to sulfur mustard (HD). Anesthatized
authyrmic hairless guinea pigs (EHGP) (n+6) ware axposed 17 0 4 LD ¢g HD m aSull-thcknass 8
mm surgical biopsy skin defect (1 @ wourkd) Each ammal was subsaquently decontarmnated,
after & two-minute intra-wound mxposure to tkyud HD, with one of the dacontamination
solutions  Dzcontamination ethicacy was detenmined by tha visual grad=g of the HD-
traumatized wound lesion and by comparson of the expected HD-induced leukocyta
supprassion. Leukocyle suppress:on was inconsistant i alf anmmals, thecefore, the visuai
grading was the only vinble svaluahon method No sigriicant difurences ware obsarves
among wounds dacontaminatad wih any of the soiutions Howsever, the sien sutrounding
undscontaminated (bul axposed) control amimals showed the leasl visual pathology. The
lasions iInduced following decontamination are prasumed to be due 1o the mecharucal flushing
of HD onto the pen-issional skin, or by chamical damage mduced by the scition, ot HD-
solution interaction Further studies are requited 10 hest delineats the optimal
decontaminaton procoss for HO contamimated wounds
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INTRODUCTION

The U.S. Army Medical Department has had little experience in the management of
chemicaily contaminated casualties since World War I.1 Since that time, sulfur mustard (HD), a
persistent vesicating agent, has persisted as a threat to the soldier. in the interim 75 years,
chemical decontamination has remained the countarmeasure of choice for loss reduction and
lesion amelioration in the case where a lack of discipiine, training, or luck have resuted in HD
exposure.2

Many Chemical Warfare (CW) agents have been developed since World War |, and the
Medical-Chemical Defense community has developed prophylactics and therapeutics to meet
the threats. In the cases where specific countermeasures have not been developed, and in
the interest ¢of reducing morbidity of axpousure, decontamination has been the halimark of
delense.

In 1917 chiorine bleach was the decontamination agent of choice to remove the
chemical agents of concern, or to render them into harmless substances.! The succeeding 75
years of ongoing research for the verfect decontamination agent (i e., an agent that reacts
rapidly with the chermical agents, has little or no toxiciy, is inexpensive. and does not cause
excessive logistical burden)d has resulted in the fiekding of many products including: chlonna
and non-chlorina based solutions, and on-exchange resins 4 Present U S Army doctnine cails
for the use of 0.5% hypochlorite solutions (i 8., diluts bleach solution), for wound and skin
decontamination in cases of chemical'y exposed casualties n a field environment 4 The
decision for using thase solutions wes based on early expenenca in World War |, in vitro
studies and limited subsequent in vivo exparience thereafter.

Recant workS has raised questions of the efficacy of hypochliorite solutions as
decontaminating agents in contaminated wounds  As no defintive in vivo HD-exposed wound
decontamination study has been found to definitively substantiate the use of hypochlcnte
solutions, our goai wes 1o tast the efficacy of several hypochlorte solutions in a animal model of
an HD contaminated wound.

The suthymic hairless guinea pig (EH(P) has been extensively studied and accepted
as the model of choica for HD study at our aboratory 8.7.89% Jts unique fealures include a
surface skin area which is unformly graded and readily measurable in tarms of gross and
microscopi¢ rasponses to HD vapor exposures 8 Marlow ef a/ (1990) found that the EHGP
produces microvesicles in response to cutanaous HD exposure; lesions substantially simiar to
those produced in man following similar exposure. Also, a recent study by one of the
auihors!® has revealed a temporal pattern of HO-induced leukoperia that can be usad as a
marker of total absorbed dose to determing efficacy of decontarminaton.

MATERIALS AND METHODS
ANIMALS

A totat of 63 [Cr IAFHA(Rehr)BR) euthymue hairless Hartley qurea pigs (EHGP) ( Cavia
porcelius), weighing betwaen 500-1000 q, from the Nawheld, NJ. breeding faciity were 1sad
Upon arrival they were maintained under an AAALAC accredited animat care anc. '<e program,
quarantined and screened for evidence of dicease befors use  Guinea pigs were . divicdually
boused in plastic cages {{ ab Products, Inc . Maywood. NJ) on comorassed ceilulose bedding
(Cellu-dri, Shepherd Speciaity Papers, Kalamazon, M), changed three imas per week, and
provried commarcial certitied quinea pig ration (Punna Milts, Inc | Richmond, IN) and tap water
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ad libitum. Animat holding rooms were maintained at 21 :20C with 50 +10% relative humidity
using at least 10 completa air changes per hour of 100% conditioned fresh as and maintained
on a 12-hour light’dark full spectrum lighting cycle with no twilight.

SULFUR MUSTARD

Distilled sulfur mustard (HD) with a purity of 97.9-98 7% by nuclear magnetic
resonance (NMR) was obtained from Chemical Research, Development and Engineering
Center (CRDEC) to be used in this experiment. it has a density of 1.27 g/mi at 259 C and was
stored unrefrigerated in a laminar flow houd during exposures.

WOUND AND EXPOSURE

The EHGPs were anesthetized by parenteral injection of xylazine (5 mg/kg)
(Rompun®, Haver Lockhart Laboratorias Box 390 Shawnas KS 65201) and ketamine
hydrochioride (75 mg/kg) (Ketaset®, Bristol Laboratories, P.O. Box 657, Syracuse, NY
13201)7" into the quadriceps musculature with a 25 gauge, 5/8 inch needle. Following
induction into a surgical plane of anesthesia, a circular full-thickness skin segment was
ertracted from the mid-dorsal interscapular region by use of a sterile 8 mm skin biopsy punch
(Bakers Biopsy Punch. Bakaer/Cummins, Diwision of Key Pharmaceuticais, inc., Miami, FL),
protecting underlying tissues from trauma by manually “tenting® the skin prior to excision.
Subsequently, the animals were piaced in ventral recumbency for HD
exposure/decontamination while sill under anesthesia.

Suifur mustard, at a dose of 20 mg/kg (0 4 LDg'0), was applied into the resultant skin
defect of tha EMGP with a Hamilton microliter syringe {Hamilton Co., Reno, NV} and 22 gauge 1
inch needla (Becton, Dickinson & Co., Columbus, NE). This HO dose was cortained within the
iatrogenic skin defect by carefut animal por tioning in ventral recurmbency. Evary atternpt was
made to ensure that an accurate dose was delivered, and HD did not run trom the wound. The
animals were kept in a {aminar flow hood for approximately 24 hours tfollowing
exposure/decontamination, and subsequently removed 1o an animal hodling room as outlined
above.

DECONTAMINATION
SOLUTIONS

Sodium hypochiorite solutions wera prepared by dilution from a stock solution of 4 0
to 6.0% purfied grade sodium hypochlorita solution (Fisher Chermical, Pritsburgh, PA) to yieid
solutions of 0.5 (£ 0.1%) and 2.5% (* 0.1%)] activily. The pH leveis of these solutions were
within the ranqge of 8.0 and 10 0.

Caicium hypochiorte solutions were prepared by dilution of reagent grade (65°%
available chioring) calkcium hypochionte with HPLC water to obtain one-iter quantiies of 0.5
and 2 5% calciurn hypochlorite solution (also of basic pH)

Each solution was assayed for hypochlonte concentration by the lodomatric ttration
method and stored in sealed containers {Nalgene, Rochester, NY) under refnigeration prior to
usa (within 24 hours).

PROCEDURE

Animals were decontaminated two minutes post-exposure by diwect contact of the
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various decontamination solutions in the 8 mm skin defect by the following method. A molar
excass of decontamination solution (approximately 5 mi), with respect to the applied HD, was
decanted into the skin defect, creating a contained meniscus of liquid (i.e., HD and
decontamination solution). The decontamination solution was allowed to react with the HD for
fiva minutas prior to aspiration of ail residual fluid with a pasteur pipette (Baxter Scientific,
McGaw Park, IL). Fresh decontaminstion solution was added to the skin defect and allowed to
raact for an additional five minutes. This solution was subsequently aspirated, and the animals
were contained within a chemical fume hood for 24 hours prior to removal to an animal housing
area.

HEMATOLOGY

Guinea pigs were randomly assigned 1o six individual exposure groups of six animals
each (except the HD exposure/No Decontamination group which was comprised of three
animals) as outlined in Table 1. One day prior 1o HD exposure, the animals were anesthetized
by carbon dioxide inhalation2 and a blood sample (0.3 m!) collected by pre-cava venipuncture
as dascribed by Bivin'3 with a 1 ml syringe and 23 gauge needle. These samples were placed
in tubes containing ethylenediaminetetraacetate (EDTA) (Microtainer, Becton, Dickinson &
Co., Rutherford, NJ) for hematology, and used as each animals’ own control bicod count.

On day six following exposure/decontamination (exposures were done on day zero),
animals were anesthetized by isoflurane inhalation and exsanguinated by open cardiac
puncture'3 saving an aliquot of blood in EDTA-containing tutes for hematology.

QUANTITATIVE ANALYSIS

Clinical hematology assay insluded: leukocyte count (WBC), erythrocyte coun' (RBC),
hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean corp.'scular
hemoglobin {MCH), mean corpuscular hemoglobin concentration (MCHC), and platelet count
(PLAT). '

Cellular counts and computed parameters were obtained using an Ortho ELT-8
hematology analyzer (Ortho Diagnostics, Westwood, MA) in accordance with instructions for
usa and reagents supplied by the manufacturers.

LESION EVALUATION

Visual examination of lesions was conducted at 48 hours post-
exposure/dacontamination to assess the degree of induced tissue damage. A numerical
rating (i.e., Not Affected (0], Mild (1], Moderate {2], or Severe {3]) was determined for each
lesion in the following categories of tissug damage: erythema, edema and necrosis. The
numerical grades for tissue damage in each of the three cateqories, for each treatment group,
was established by the arithinetiz average of ind~/idual animal grades. The cverall rating of
lasion saverity was then determined by the numerical summation of individual categoiy grades
for each treatment group.

STATISTICAL ANALYSIS
Hematologic parameters of control and post-exposure/ireatment groups (n=6) were
compared using a two way analysis of variance (ANOVA) with respect to presence of D, and

decontamination solutions employed. A Duncan's multiple range test was used 10 assess
differences between solutions f significant changes were noted at the p<0.05 level in the
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WBC count following exposure and decontamination. All tasts were made at the alpha = 0.05
level.

BESULTS
Leukocyte Counts

Individual animals did not express a consistent elavation nor depression of their total
WBC count (with respect to pre-exposure/decontamination control WEBC count) following
decontamination with any of the solutions. Further, the positive controt {i.e., exposed but not
decontaminated) animals did not manifest consistent nor significant changes in WBC count
following an intra-wound exposure of 20 mg/kg HD with respect io non-exposed controls.

Table 1 contains mean pre-exposure (control) and post-exposure/decontamination
leukocyte counts with differences between samples for er.ch treatment group (+SEM).

Mean Pre-Exy{ Mean 6 Day| Diffin
Decon Sol w8C Ct. WBC Ct. Mean
No HDMD SEM SEM SEM
No Decon 7.93 5.12 2.82
| No HD Q.32 0.41 0.54
No Decon 7.50 7.27 0.23
HD 0,51 1.02 1.07
H,0O Decon 9.43 7.03 2.40
No HD 0.80 0.94 0.72
H,0 Decon 10.30 9.15 1.15
HD 0.75 1.08 1.13
0.5% NaQdC|i 9.50 7.88 1.62
No HD 1.13 0.71 1.34
0.5% NaO(! 9.05 9.78 0.73
0.61 0.82 0.82
0.5% CaOdQ! 8.75 7.22 2.40
No HD 0.47 1.04 0.97
0.5% CaOQi 9.12 6.72 2.40
No HD Q.53 1,24 0.97
2.5% NaOdl 9.48 6.67 2.82
No HD Q.48 .82 1.1
2.5% NaOdQl 8.87 6.67 2.20
HD 1.02 Q.99 Q.91
2.5% Caodi 9.65 7.75 1.90
No HD 0.58 0.45 _0.89 |
2.5% Ca0qi 9.98 8.87 1.20
No HD 0.42 0.87 1.20

Table 1. Mean WBC count (+/- SEM) pre- and post-
HD exposure decontamination. Each group of animals
acted as their own control (n = 6, except No DecorvHD
where n = 3).



Erythrocyte and Platelet Parameters
No significant changes were observad in erythrocyte or platelet parameters.

Lesion Severity

Animals decontaminated with any solution (including water) inanifested visibly more
severe lesions than did those exposed but not decontaminated. Immediate post-
decontamination bleeding from the wound site was observed in half of the animals (12 of 24
animals) decontaminated with either of the 2.5% hypochlorite solutions. Bleeding was not
observed to occur {from the animals decontaminated wi'h other solutions.  Lesion severity
ratings are contained i, Table 2.

Lesion Evaluation

Nore H,O 10.5% NaQCI|0.5% CaOCl{ 2.5% NaQCl {2.5% CaOC!
No| Er Ed Nc| Er Ed Nc Er Ed Ne Er Ed Ne Er Ed Ne¢ Er Ed Nc
HO {1 ors 08 05058 251 1™ 12 075 t 1t 1516219
Tota, 2.8 15 5 & 4t 29 H
Yud Er Ed Nc] Er Ed Ne Er €d N¢ Er Ed Nc Er Ed Nc Er Ed Nc
HOF 150880915 152758 12512818 15 3 228 23 2 2% 9
23 S 42 < < > < 2 5

Table 2. Lesion evaluation 48 hr post-exposure/decontamination proce
(n = 6). Abbre- itions: Er = atythema, Ed = Edema, Nc = Necrosis..
Numericai grading system: 0 = No Effect, 1 = Slight, 2 = Moderate, 3 =
Severe (scores !n chart reflect the mean for each group, total is the ar
metlc summation)

DISCUSSION

Since the night of July 12, 1917, when Germany launched a chemical attack against French
troops in Belgium 14, 4D has been a chemical warfare (CW) agent of importance. i the face of
76 years of subsequent research, several hypotheses have been proposed to elucidate the
mechanism of HD toxicity.14.15.18  Still no definitive therapeutic agents have been found to
combat toxicity once the agent is absorbed. As such, the first und most rational approach for
the prevention of HO injury is to block it absorption by physical barrier, or ensure its rapid
removal (by decontamination) prior to dermal absorption.!7

The ideal decontaminarit for HO or any other CW agent would ccnsist of materials that
aje capabie of rapid reaction with, or sorption of the chemical agent, hava little or no inherent
toxicity, be inexpensive, and not cause a great logistical burden.3 At present thera is no single
chemical decontamination compound or system that is considered safe or universally
efficacious for all CW agents.'8.1¥ This reszarch attempted 1o establish the optimal strength
and type of hypochlorite solution (a class of solutions currently fielded by the U.S. miltary) to
ameliorate HD toxicity and more closely approach the characteristics of an ideal decontaminant.

Sulfur mustard, a B-chloroethyl vesicant, is a cytoloxic agent capabie of killing cells in a
dose-dependent mannar. Specificaily, the blood-forming cells are among the most sensitive
to intoxication.20 Anslow and Houck (1946) asserted that induced leukopenia (i.e., WBC




suppression) affords a good index of the severity of intoxication due to sulfur mustard
exposure.2! Gold and co-workers established that 20 mg/kg HD given subcutaneously
induces a significant, maximal peripheral laukopenia (66.5% reduction from control) on the
sixth day following expcsure in the SHGP. 10 For these reascns, we propn=z2 the examination
of induced peripheral leukocyte suppression (on the sixth day post-expisure), as a means of
determining the severity of HO intoxication following exposure and subsequent
decontamination in the wounded EHGP.

The rate of chemical inactivation (e.g. hydrolysis) of HD by various solutions!4, the rate
of avaporation of HD'8.17, and the rate of topical absorption have all been siudied as
independent phenomena in an in vit'o system. Few researchers,5 though, have considered
them together in a biologicaily complex animal model system. Korte et af attempted to fill this
gap in vital information with an animal model study that employed dermat lesion area as a marker
of decontamination efficacv.

Hydrolysis of HD in water is reiatively rapid at vital temperatures (e.g., 2.6 minutes at
37.4 degrees Celsius, and 0.72 minutes at 40 degrees Celsius 13) and can be expected to be
more rapid in .he face of a potent hydrolyzing agent such as sodium or calcium hypochionte. 14

Several researchers'.17 have studied the penetration of HD through intact skin and
found that maximal absorption is obtained at 5 minutes. Renshaw determined that absorption
and tissue binding by intact skin is complete within two minutes. 6 He also found that HD
penetrates human skin at a rate of 1-4 pg/cm2/min at 210 after exposure to either liquid or
saturated vapor.'$

Renshaw and Collumbine both suggested that only 20% of smait apptied doses of HD
will be absorbed by intact skin at standard room temperature and humidity. The remaining 80%
of applied HD is therefore, expected to 2vaporate. 16.17

Understanding the rates of absorption and evaporation, one would conciude that each
is rapidly comg.~ed and continues until residual HD is either absorbed, evaporated, or
removed by some other means. As such, we decided that the ideal timeframe within which to
initiate decontamination was the two minutes; the period suggested to allow submaximal
absorption and evaporation. Our decontamination procedure was biphasic so that we could
augment chemical inactivation of HD with physical removal, a process catled for in field
decontamination.4 We chose to decontaminate for two periods of five minutes each so that an
effective time is allotted for hydrolysis, based on in vitro data.13

Sultur mustard had a direct inhibitory effect on the blood-forming celis2. Tissue
destrurtion and repair with concomitant inflammation, on the other hand, subjects the animal to
a complex cascade of events that jreatly increases the level of WBC in the peripheral
circulation.22 In consequence, a balance, somewhere between maximum and minimum was
struck between inflammation-ind"iced leukocytosis and HD-induced leukopenia.

The results of our WBC counts did not determine the ideal hypochlorite solution for
use in decontaminating HD-exposed wounds. |n fact, we found no consistent changes in
WBC count res'ilted in any of the treatment groups. Wa suggest that factors such as: wound
inflammation, and the interplay of evaporation and absorpticn from lhe wound, moditied
peripheral WEC count so that no consistent, significant HD-induced WBC suppression was
cbserved

We expected contaminated lesions 10 be less severe than undecontaminated lesions.
We found that lesions decontaminated with any solution manifested visibly more severe
lesions than those not decontaminaled.

Many factors were considered to result in the leveis of tissue damage observed. We
consider the direct dermotoxic nature of hypochlorite solutions, the flushing of liquid f-om the
wound sight, and the contact of chemical break-down products of HD all significant in the
degree of lesion severity. Direct HD dermal injury was probabh'y not as significant based on the




finding that undecontaminated, but exposed, animals manifested the least severe lesions.

Direct tissue trauma by hypochlorite sofution was a significant cause of lesion severity,
based on the finding that unexposed, hypochlorite-decontaminated animals manifested more
savere lesions than non-exposed, undecontaminated animals. Lesions decontaminated with
these solutions also manifested more severe lesions than did water decontaminated, non-
exposed animals. Mypochlorite decontamination solutions were alkaline in pH and may be
considered to be directly damaging to cells during decontamination of an open wound.

Byproducts of the chemical hydrolysis of HD, whether formed by interaction with
hypechlorite or water, were probably the most offending agent, based on our finding that
similar lesion severity following decontamination was obtained with either water or hypochlorite
solutions.

Bleeding from some lesions as well as excessive applied 1luid volume may have had a
role in mechanically flushing HD or its hydrolysis products from the initial site of exposure. This
may have increased the size of the observed lesion, but not the lesion severity as it was of
consistent severity with those lesions where bleeding or fluid overflow were not observed.

Lesion-associated inflammation appeared to play a major role in the total cbserved
peripheral WBC count, confounding its use as a marker of total absorbed HD. Lesion severity,
as weil, was shown o be a poor marker of the total systemically-absorbed HD dose. This studyv
showed that decontaminating HD-exposed lesions exacerbated their severity but did not make
conclusions about total absorbed HD. Resuitantly, one should nct use this study to suggest
that persons not decontaminate HD exposed wounds. Fore in not decontaminating, animal
lethality, by systemic toxicity, may be a result of an attempt to reduce lesion severity.

We must conclude ‘hat peripheral WBC counts are poor biomarkers of
decontamination efficacy in the HD-exposed, wounded EHGP model. Had we been able to
measure the total absorbed HD dose mare definitively we ~ould have better deterinined the
efficacy of decontamination in an objective manner. We hold promise ct the future validation of
the HD-exposed wounded EHGP model, perhaps by using radioaciively-labeled HD or
measuring end products of systemic HD metabc'ism (e g.. thidyglycoi)23, becauss it takes into
consideration all of the biological interactions associated with a live animal model in a species
currently employed in dermal HD toxicity work.6.7
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